Analytic first and second derivatives of the energy have been calculated for intermolecular potentials based upon distributed multipoles ͑to describe the electrostatics͒ and atom-atom Lennard-Jones terms ͑to describe dispersion and repulsion͒. This enables us to employ eigenvector-following to determine minima, transition states, and rearrangement mechanisms for a variety of van der Waals complexes. Where previous ab initio studies are available the agreement is usually satisfactory, but in some cases we find that a geometry corresponding to an ab initio minimum is a transition state with the model potential, or vice versa. Even in such cases the stationary points we identify will be useful in guiding more accurate calculations. The rearrangement mechanisms should be of particular interest in determining effective molecular symmetry groups and splitting patterns due to tunneling when low rearrangement barriers are present.
I. INTRODUCTION
It is now widely acknowledged that the electrostatic contribution to intermolecular forces is of great significance, and may often be the most important term in determining the geometries of van der Waals complexes. 1 To provide an accurate description of the electrostatic energy requires distributed multipole analysis 2-4 ͑DMA͒ which overcomes the convergence problems associated with a central multipole expansion. 5 Numerous applications of the method have been made, 6 ,7 the best known being Buckingham and Fowler's study which showed that the geometries of numerous hydrogen bonded complexes could be reproduced remarkably well using DMA combined with hard sphere potentials. However, despite such successes and the incorporation of a routine to calculate distributed multipoles within the CADPAC package, 8 distributed multipole analysis has not been very widely used. This is probably due to the complexity of the approach, which produces some quite forbidding formulas.
2 However, we have now developed a computer code which can calculate the analytic first and second derivatives of the zeroth order electrostatic energy for distributed multipoles up to and including rank four, 9 which should be sufficient for most purposes.
In this paper we will show how these results can be put to use in exploring the potential energy surfaces of ten van der Waals complexes that have featured in this journal over the last year or so, namely, eight involving water ͑propane-H 2 O, methane-H 2 O, CO-H 2 O, H 2 CO-H 2 O, HCl-H 2 O, ethene-H 2 O, CO 2 -H 2 O, methanol-H 2 O͒ and the two well-studied dimers ͑HCl͒ 2 and ͑HF͒ 2 . A preliminary report has appeared elsewhere. 10 These first results combine distributed multipole analysis with simple Lennard-Jones atom-atom terms for the dispersion and repulsion energies, and so they are not expected to be of high accuracy. Nevertheless, the ability to search a complex potential energy surface, albeit an approximate one, in a tiny fraction of the time taken by an ab initio calculation, should be of some interest. The other element missing from the present work is the ability to differentiate the iterated induction energy, as distinct from the zeroth order electrostatic energy. This is a difficult problem in its own right, and hence we will avoid systems such as aromatic-rare gas complexes, where the induction energy is likely to be important because there is no zero order electrostatic term.
The availability of analytic first and second energy derivatives enables us to employ eigenvector-following 11 to search routinely for transition states, minima, and to calculate reaction pathways. The particular implementation of this method has been described in large part elsewhere. 10 Here, we simply note that knowledge of rearrangement mechanisms and barrier heights enables one to generate the effec- tive molecular symmetry group 12 and hence deduce the pattern of tunneling splittings. 13 Formulas for the energy derivatives have been presented and discussed elsewhere. 9, 10 Throughout this paper we will employ a fairly consistent framework, always using distributed multipoles calculated from basis sets of 6 -31G** 14 or DZP quality up to rank 4 with one site on every atom. The effects of using different combination rules for the LennardJones parameters and of including correlation effects at the second order Mo "ller-Plesset level of theory 15 in calculating the multipoles have been examined in a few cases. However, our main objective is to give some idea of how the generic intermolecular potential performs for a diverse range of complexes. Hence, most of this paper consists of results, preceded by an account of certain aspects of the optimization procedure that were not covered in the previous publication. 10 We envisage that future papers will explore improved descriptions of dispersion and repulsion, so that this work provides a reference point against which the better descriptions may be judged.
II. MINIMA, TRANSITION STATES, AND REARRANGEMENTS
All the geometry optimizations and reaction path calculations in this study were performed with the eigenvectorfollowing ͑EF͒ approach, employing analytic first and second derivatives of the energy at each step. This provides a way to find transition states by minimizing the energy for all degrees of freedom except one, for which it is maximized. 11 Here, we take a transition state to be a stationary point with precisely one negative Hessian eigenvalue. 16 Minima are found by minimizing in all directions and reaction pathways by minimizing the energy after displacing the transition state geometry in both senses along the transition vector. 10 For clusters bound by empirical potentials, this approach has been successfully applied to a variety of systems containing up to hundreds of degrees of freedom to find both saddle points and minima. 17 The form of the steps taken in this study has been described before 10,18 -20 and a fairly self- contained account has also been published recently. 21 In this section we will outline the complications which result when dealing with systems that may contain an arbitrary selection of atoms and both linear and nonlinear rigid molecules. We emphasize that the theory presented in this section and the one following are independent of the particular form adopted for the intermolecular potential, and hence will be used unmodified in future work involving more sophisticated dispersion-repulsion terms.
When expressed in terms of the eigenvectors and eigenvalues of the Hessian the eigenvector-following step in the direction of a given eigenvector employed here 21 involves the reciprocal of the eigenvalue. At any stationary point for an isolated complex there are six zero Hessian eigenvalues corresponding to overall translations and rotations; one less if the whole system is itself linear. The energy gradient has no component in these directions because they do not affect the Hamiltonian. Hence, if the directions corresponding to zero eigenvalues were evident at a general point we could simply ignore the steps in such directions. However, the rotational modes are coupled to the vibrational normal modes by terms which are linear in the gradient. 22 Hence, a general nonstationary point has three zero Hessian eigenvalues corresponding to translations, and a number of small but nonzero eigenvalues which must be removed before we can use eigenvector-following to take steps. One way to do this is to employ internal coordinates. Nguyen and Case, 23 Thomas and Emerson, 24 and Taylor and Simons 25 have all proposed methods which enable optimisations to be conducted in Cartesian coordinates. However, here we follow Baker and Hehre 26 and employ projection operators, since previous work has shown that this provides a good solution to the problem. 20 Details are given in the Appendix.
III. NORMAL MODE ANALYSIS
In this section we describe the calculation of normal mode frequencies in more detail. Li and Bernstein 27 have previously provided details of how to proceed using the FG formalism. However, we prefer the conceptually simpler approach of Pohorille et al. 28 in terms of a double transformation. The first transformation diagonalizes the kinetic energy matrix and must also be applied to the Hessian before it is itself diagonalized to find the normal modes and their frequencies. In the case of an atomic system the first transformation is trivial and results in the familiar reciprocal mass weighting of the Hessian. For rigid molecules the kinetic energy is obtained as Tϭẋ T Kẋ/2, where x is the vector of center-of-mass and orientational coordinates, superscript T denotes the transpose and K is block diagonal with a 6ϫ6 block for each molecule of the form For systems containing linear molecules this procedure must be modified because if we use 6ϫ6 blocks in the kinetic energy matrix for such species they are singular. In this FIG. 3 . Ab initio stationary points of methane-H 2 O with water to methane C distances marked ͑DZP/631GE͒. ͑a͒ C s transition state, ͑b͒ C 1 minimum A for which the transition state in part ͑a͒ provides a degenerate rearrangement, ͑c͒ C 1 minimum B found from the highest energy minimum calculated for 6 -311G** geometries and multipoles with ORIENT3. case one of the k i is zero for each linear molecule ͑corre-sponding to rotation about the molecular axis͒ and the row of U corresponding to this eigenvalue is simply deleted. This procedure may be contrasted with that described in the Appendix where the projection operator is modified to cope with linear molecules.
IV. RESULTS
We have chosen a new set of examples to complement those of our preliminary report. 10 From the vast array of possible systems we decided to concentrate upon complexes involving water. For comparison we also consider two hydrogen halide dimers for which rearrangement mechanisms have been extensively studied before, due to the importance of tunneling splitting in these systems. In each case we present a reasonably thorough, but by no means exhaustive, survey of the potential energy surface, giving the energies, point groups, and intermolecular harmonic frequencies of the minima and transition states located. We also characterize all the rearrangements identified in terms of the stationary points involved, the barrier heights and three indices which provide additional information about the path. The first is Sϭ͐ ds, the integrated arc length in 3N-dimensional nuclear configuration space, where N is the number of atoms. S was calculated as a sum over the eigenvector-following steps
where ⌬Q i is the step for nuclear Cartesian coordinate Q i and the outer sum is over all the eigenvector-following steps.
The moment ratio of displacement, ␥, is defined as
where Q i (s) is the value of the nuclear Cartesian coordinate Q i for minimum s, etc. We prefer to use the quantity Ñ ϭN/ ␥, which is a measure of the number of atoms involved in the rearrangement. If a single atom moves then Ñ ϭ1 and the rearrangement is localized, while if all atoms move through the same distance then ␥ϭ1 and the process is entirely cooperative, with Ñ ϭN. Finally, the distance between minima in nuclear configuration space 30 is
From these definitions it clearly follows that DрS. Even for the simplest systems it is unlikely that we have located all the minima and transition states. Transition states were located for each minimum by following the softest modes uphill, and the two minima connected by each transition state were determined by reaction path calculations as described above. For every new minimum thus located the same procedure was followed until no new minima or transition states were found. In order to fix one source of variation in the results the DMA calculations have been carried out for 6 -31G** basis sets, unless stated otherwise. The effects of electron correlation have been considered in a few test cases using the second order Møller-Plesset correction. 15 In each case the rigid molecule geometry is that obtained by optimization at the same level of theory. In every case we truncate the distributed multipoles after the hexadecapole (Lϭ4). The LennardJones parameters employed are given in Table I ; many were obtained from Allen and Tildesley 31 with mixed parameters from the standard Lorentz-Berthelot combination rules
It is known that these rules are not very satisfactory, and in particular that the Berthelot rule for ⑀ ab tends to overestimate it. 32 The alternative Slater-Kirkwood combination rule 33 has been employed to obtain parameters for nonbonded interactions in polypeptides. 34 However, we found that using this rule made little qualitative difference to the results. In fact, for two of the systems we explored the effect of reducing all the heteroatom well depth parameters by a half, and even this had little qualitative effect. For each system we will only tabulate results for the three lowest minima and transition states to save space.
V. PROPANE-WATER
Steyert and co-workers have recently published analyses of both microwave 35 and far-infrared vibration-rotationtunneling spectra 36 of propane-H 2 O which they viewed as a prototypical water-hydrophobe system. The results of these studies together indicated that all three atoms of the water molecule lie in the CCC plane of the propane and that the barrier to internal rotation is less than about 5 cm
Ϫ1
. We have located ten minima and ten different transition states ͑Table II͒, with the two lowest minima both matching the experimental rotational constants quite well. The large number of minima of relatively low energy is in agreement with the experimental conclusion that there is unlikely to be a single low energy structure. The presence of several low energy rearrangements ͑Table III͒ is also in agreement with the floppy nature of this system.
The experimental results are all consistent with a tunneling motion for the water molecule via a C 2v transition state which links minima where the three water atoms lie in the CCC plane. No such mechanism is found in the present work, but there are some similar processes corresponding to the three lowest transition states. In min1 the water oxygen atom is furthest from the carbon atom marked and in min2 one of the water hydrogen atoms is the furthest ͑Fig. 1͒. The water molecule rotates through roughly 90°about its C 2 axis in the process mediated by ts1. The pathway corresponding to the second lowest transition state is a degenerate rearrangement of min1 where the water molecule moves from one side of the CCC plane to the other via ts2. The C s transition state is the closest that we have found to the C 2v symmetry postulated experimentally.
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Min3 is similar to min2 but the relative orientation of the water and propane molecules is slightly different. Min4 has C s symmetry with the water molecule lying across the propane mirror plane but at some distance above the CCC plane. The mirror plane arises when min4 is produced from min3 via ts3. Note that the two hydrogens are again closest to the propane molecule in min4. Clearly our results indicate that this surface is likely to be especially complicated, with several low energy minima that are able to interconvert amongst themselves. This would certainly be a fruitful system for further ab initio and experimental study.
VI. METHANE-WATER

Szczȩśniak et al. have recently published
37 a detailed ab initio study of methane-H 2 O and compared their results with previous theoretical and experimental results ͑for which we refer readers to their paper͒. Their results include the effects of electron correlation up to fourth order Mo "ller-Plesset theory as well as corrections for basis set superposition error. Their global minimum involves a carbon to H-O hydrogen bond in which the H-O group points into the middle of an HHH triangular face. 37 They also find a higher energy minimum with a C-H to O hydrogen bond which has a longer C-O distance. We found only one minimum for this system of C s symmetry in which the two hydrogen atoms are equidistant to the carbon atom and about 0.6 bohr closer than the oxygen atom. Details of this minimum and of the four transition states corresponding to degenerate rearrangements are given in Table IV , while the rearrangements themselves are outlined in Table V . The C-O distance is 6.9 bohr in the minimum. The lowest energy rearrangement involves reorientation of the water molecule on the same HHH face of the methane molecule and proceeds via ts1 with C s symmetry in which the oxygen atom lies further from the methane molecule ͑Fig. 2͒. The next lowest energy rearrangement may roughly be described as internal rotation of methane, so that the water molecule moves between HHH faces but maintains its relative orientation. If both these mechanisms, which have low barriers, are feasible then every possible permutation of the single minimum that does not involve breaking covalent bonds is accessible. In the higher energy rearrangements we find that ts3 is similar to ts1 and ts4 again involves reorientation of the water molecule on the same HHH face. Unfortunately, the ab initio investigation of Szczȩśniak et al. did not consider any of these unsymmetrical configurations because of the computational expense.
We decided to investigate this system in more detail for comparison with the previous ab initio studies. The geometries were reoptimized and DMA's repeated for the standard CADPAC 8 6 -311G** basis 14 sets. We then found two low energy and one higher energy minima, along with eight transition states; a summary is given in Tables X and XI. The lowest energy minimum looks like the previous min1 but with the water molecule rotated so as to break the mirror plane. The new ts1 in fact looks like the old min1 and corresponds to a degenerate rearrangement of the new min1 with a very low barrier. The new ts2 is analogous to the old one and the new ts3 is also analogous to the old ts3. The new min2 looks very similar to min1, whereas in the new min3 the water molecule is closer to lying over an H-H edge than an HHH face. We will not illustrate any of these processes, but simply note that these data give us some idea of how the present results can vary with basis set for a system with a rather ''flat'' potential energy surface. The above minima were then used as starting geometries for unrestricted ab initio geometry optimizations. The low symmetry made it impossible to use the MP2 correlation correction, however. Geometry optimization was achieved using the eigenvector-following algorithm described in detail elsewhere; 21 the largest ''zero'' frequencies were converged to less than 3 cm Ϫ1 in all cases. The first basis set considered was DZP employing the Dunning double zeta functions 38 with polarization functions having exponents of 0.9, 1.0, and 0.8 for O, H, and C, respectively. The two low energy minima found from the 6 -311G** multipoles converge to the same minimum, A, while min1 found from 6 -31G** multipoles converges to a transition state of practically the same energy. Starting from the high energy minimum found with the 6 -311G** multipoles leads to a slightly lower energy minimum, B. The energies are all reported in Table VI . The calculations were repeated starting from the DZP optimized geometries using the CADPAC 631GE extended basis sets which are between DZP and TZ2P in quality 8 and entailed 102 basis functions in total. The Hessian indexes remain the same, but the energy ordering changes ͑Table VI͒; the structures are shown in Fig. 3 . For the larger basis set minimum B becomes slightly higher in energy than minimum A.
Unfortunately, these results are not directly comparable to those of Szczȩśniak et al. because they do not include correlation corrections and the predicted stationary points do not lie particularly close to the idealized geometries considered in that study. However, they do serve to illustrate the fact that the geometries produced by ORIENT3 can provide useful starting configurations, especially for unsymmetrical stationary points. The methane-H 2 O potential energy surface is clearly extraordinarily flat, perhaps reflecting the high symmetry of the methane molecule and the anticipated ''hydrophobic'' interaction with water, i.e., the methane molecule is relatively isotropic and the interaction itself relatively weak.
VII. WATER-CARBON MONOXIDE
This complex was the subject of a recent ab initio study by Sadlej and Buch 39 who employed large basis sets and correlation corrections up to MP4. Their study was prompted by experimental results due to Yaron et al., 40 using molecular beam resonance and microwave techniques, and by farinfrared measurements by Bumgarner et al. 41 which probe the tunneling dynamics more extensively. Yaron et al. 40 deduced an equilibrium structure for the complex with a nonlinear hydrogen bond to the CO carbon and a barrier to exchange of the water protons of about 210 cm
Ϫ1
. They also note that their data are consistent with a nearly linear arrangement of the three heavier atoms with a CO carbon to water oxygen distance of 3.36 Å. Calculations of the electrostatic energy using a DMA approach were not found to account for the observed nonlinearity in the hydrogen bond. 40 The subsequent far-infrared measurements 41 confirmed the geometry of the equilibrium structure and provide rotational constants. The lowest minimum located by Sadlej and Buch in their study 39 is basically in agreement with experiment. Two other minima were found in the ab initio work, one with a hydrogen bond to the CO oxygen, the other a T-shaped structure with the water oxygen closest to the CO center of mass. They also confirmed the presence of a C 2v transition state for proton exchange with a barrier of 283 cm
. The predicted binding energies of the three minima were 651.6, 301.3, and 256.5 cm
, respectively. For 6 -31G** geometries and multipoles we find two minima and four transition states using ORIENT3 ͑Table VII͒. The lowest minimum most closely resembles the T-shaped minimum found in the ab initio study, with the water oxygen almost equidistant from the CO atoms. The other minimum has C 2v symmetry and corresponds to the transition state postulated in the previous studies for proton exchange. These two minima are linked via ts4 ͑see Table VIII and Fig. 4͒ . We could not find a minimum corresponding to the structure of the previous studies. However, CO is a notoriously difficult molecule to treat theoretically because of the small dipole moment, so we reoptimized the geometries and calculated DMA's for both molecules using a 6 -311G** basis 14 and an MP2 correction for electron correlation. The two minima that resulted ͑Table VII͒ are similar to those found before, but with the carbon and oxygen atoms of the CO molecule interchanged. Hence, the C 2v minimum, which is now the global minimum, has the two water hydrogens at 5.62 bohr from the CO carbon atom. The corresponding structure with the roles of the CO atoms reversed is now found to be a transition state.
Clearly in this case our model is quite unreliable, although the stationary points do correspond to a higher energy minimum and the transition state for tunneling. This is likely due to the particular problems caused by the CO molecule and the representation of dispersion and repulsion by Lennard-Jones terms.
VIII. WATER-FORMALDEHYDE
This complex has recently been the subject of a detailed ab initio investigation by Ramelot et al. 42 who employed large basis sets and various correlated methods. One minimum and two transition states are reported, with the minimum having an unusually bent hydrogen bond. The calculated harmonic frequencies for this structure were found to be in reasonable agreement with experiment. Using ORIENT3 we find four minima and seven transition states for this system, as summarized in Tables IX and X. The lowest minimum corresponds closely to the minimum found in the ab initio studies, except that it is slightly nonplanar. In fact, there is a degenerate rearrangement of this minimum with a very low barrier where the transition state corresponds to the planar geometry ͑Fig. 5͒. The two hydrogen bonds are significantly longer than the ab initio predictions.
The next two lowest minima both have the two molecules stacked on top of one another with their planes roughly parallel. There is facile rearrangement between the two mediated by ts2. In the more symmetrical C s min3 the water molecule acts as a double hydrogen bond donor and a double acceptor. This structure is similar to one of the transition states found by Ramelot et al. 42 where water is a double donor but a single acceptor; the two are related by a rotation through 90°of water about the formaldehyde C 2 axis. In the highest energy C 2v minimum formaldehyde acts as a double acceptor and water as a double donor with O•••H distances of 5.09 bohr.
IX. WATER-HYDROGEN CHLORIDE
Legon and Willoughby 43 deduced the presence of a linear O•••H-Cl hydrogen bond and an overall planar geometry for H 2 O-HCl from microwave spectroscopy. Subsequent calculations are in good agreement with this result, predicting OClH angles from 0°to 3.4°. 44 However, many calculations also predict that the complex is not planar, with the angle between the OCl axis and the water C 2 axis ranging from 0°to 46.8°. 44, [45] [46] [47] [48] There have been three calculations of the inversion barrier giving best estimates of 115, 49 144, 50 and 147 cm
Ϫ1
. 44 Calculations of the dissociation energy range from 1871 ͑Ref. 47͒ to 1894 cm Table XI .
We initially obtained one C 2v minimum and one transition state corresponding to a very high energy degenerate rearrangement, as summarized in Tables XI and XII. The O•••Cl distance in the minimum is 3.75 Å and the O•••H hydrogen bond length is 2.49 Å, i.e., both are much too large. We chose this system to test the effect of dividing all the heteroatomic well depth parameters by two, but found that it made no significant difference. We then reoptimized the geometries and performed new DMA's for 6 -311G** basis sets 14 with MP2 correlation corrections throughout. This particular basis is not available in the CADPAC library for chlorine and so a DZP basis was used employing double zeta functions due to Dunning 38 and a set of Cartesian d functions with exponent 0.75. With the new geometries and DMA's we now find a single minimum with C s symmetry corresponding to a tilt of 146°between the water C 2 axis and the O•••Cl axis, in better agreement with the more sophisticated ab initio calculations. The C 2v geometry is now a transition state for the motion of the water through a planar configuration and the barrier is only 2.6 cm
. These results are also summarized in Tables XI and XII, and the stationary points are shown in Fig. 6 . This rearrangement is little affected if the heteroatom well depths are halved, although we do find an additional high energy rearrangement mechanism in this case. The fact that reasonable qualitative agreement with previous calculations is obtained when the more accurate multipoles are used strongly suggests that the remaining errors ͑especially the oversize hydrogen bond length͒ are due to the particular Lennard-Jones parameters employed.
X. WATER-ETHENE
The water-ethene complex has recently been reexamined by Andrews and Kuczkowski 52 using microwave spectroscopy. Their spectra are consistent with a high barrier tunneling pathway that exchanges the water protons and a low barrier internal rotation which is required to explain anomalous dipole measurements. In previous ab initio calculations Del Bene 53 found the global minimum to have an O-H bond directed at the ethene system roughly bisecting the carbon-carbon double bond. The center-of-mass distance was calculated to be 3.65 Å and the system was found to be insensitive to rotation of the water molecule about the hydrogen bond. In the same study the bifurcated structure with the water hydrogens equidistant from the middle of the carboncarbon bond was found to lie only 45 cm Ϫ1 higher in energy, and it was suggested that tunneling of the water protons by this route was likely. Molecular beam electric resonance experiments by Peterson and Klemperer 54 produced results in broad agreement with the previous calculations with a center-of-mass distance of 3.413 Å, an angle of 60°between the water C 2 axis and the ethene C 2 axis perpendicular to the molecular plane and the free water hydrogen lying in the mirror plane that bisects the carbon-carbon bond. Several transitions in this experiment were split into doublets, and a tunneling barrier of 353 cm tation about the O-H••• bond and the other to interchange of the two water protons ͑Fig. 7͒. The C 2v transition state corresponds to a mechanism where a mirror plane is maintained throughout. The structure where the water molecule lies in the plane through the two carbons and has two equivalent H•••C contacts is found to be an index 2 saddle which gives the actual tunneling transition state on perturbation and reoptimization. Del Bene found very similar energies for these two C 2v structures. 53 In the present calculations the tunneling pathway has a barrier almost as small as that for rotation about the H••• bond. However, these barriers are probably not trustworthy in the light of the present results taken as a whole.
XI. WATER-CARBON DIOXIDE
Makarewicz et al. 55 have recently presented calculations including basis sets of TZ2P quality and MP2 correlation corrections for this system. Their results build upon numerous previous theoretical and experimental studies which are generally in good agreement with one another-we refer readers to the paper of Makarewicz et al. for a review of the previous results. There is general agreement that the global minimum of H 2 O-CO 2 has a T-shaped planar structure with a closest contact between the water oxygen and the carbon dioxide carbon to give C 2v symmetry. In fact, Makarewicz et al. 55 find that this structure is actually a transition state for a very facile degenerate rearrangement of the global minimum ͑barrier 3 cm ͒. The latter authors also found a higher energy hydrogen-bonded minimum on the potential energy surface, and a similar structure was previously reported in the calculations of Damewood et al. 58 The binding energy of the complex is calculated to be 1190 cm Ϫ1 by Makarewicz et al.
Our results are in very good agreement with Makarewicz et al. in that we also find the global minimum to be slightly nonplanar, and that the barrier to rearrangement mediated by the C 2v transition state is only about 1 cm Ϫ1 ͑Fig. 8͒. We located a much higher energy C 2v minimum where water acts as a symmetrical double hydrogen bond donor to one end of the CO 2 molecule. The results are summarized in Tables XV and XVI. The alternative C 2v structure obtained by rotating one molecule through 90°about the C•••O axis does not correspond to a transition state in our model. Instead, we find a less symmetrical transition state ͑ts2͒ which is obtained from the hypothetical C 2v structure by forming two equivalent hydrogen bonds to one of the CO 2 oxygen atoms.
XII. WATER-METHANOL
Bakkas et al. 59 have recently presented a combined experimental and theoretical investigation of this species. Experimentally they found evidence for complexes with water acting as a hydrogen bond acceptor but not as a donor, whereas their ab initio calculations, in agreement with previous work, 60 suggest similar stability for two structures in which water plays both roles. In the present work we find three low lying and one high energy minimum for watermethanol along with seven transition states ͑Tables XVII and XVIII͒. Our global minimum has the water molecule as a double donor with a relatively short distance between the water oxygen and a methyl hydrogen too. The pathway for a degenerate rearrangement of this structure is shown in Fig. 9 ; the transition state, ts4, is probably the closest geometry that we have found to the water single donor minimum found in the ab initio studies. 59 A rearrangement between the other two low energy minima is mediated by ts3. In min2 water acts as a single acceptor, and in min3 it acts as both a single acceptor and a single donor. Min2 closely resembles the other minimum found in the ab initio calculations. 59 It is tempting to suggest that our failure to find a minimum where water acts as a single donor is in agreement with the experimental failure to find such a structure. However, taking into account all the results in the present study this conclusion would be rather optimistic.
XIII. HYDROGEN CHLORIDE DIMER
The interconversion tunneling of ͑HCl͒ 2 has recently been investigated by Schuder et al. 61 Following Ohashi and 
XIV. HYDROGEN FLUORIDE DIMER
The HF dimer has been the subject of many more studies than the HCl dimer, the most recent work that we know of being that of Chang and Klemperer. 65 They report a more acute HFF angle in the C 2h transition state than found in previous calculations. 66, 67 Pine and Howard 63 give the binding energy as 1038 cm Ϫ1 and Latajka and Scheiner 64 report ab initio harmonic frequencies for the intermolecular vibrations. In this case we find a unique C 2h minimum and a moderately high rearrangement barrier via a linear transition state ͑Tables XXI and XXII͒. Hence, as for ͑HCl͒ 2 the most favorable structure obtained within our current framework seems to be more appropriate to the transition state structure.
XV. CONCLUSIONS
We have applied our basic framework of distributed multipole analysis in combination with Lennard-Jones atom-atom terms to represent dispersion and repulsion to study the potential energy surfaces of a number of van der Waals complexes. In particular, we have presented the lowest rearrangement pathways in each case, and in many cases these have the status of predictions. The agreement with experiment and previous ab initio work ranges from good ͑e.g., H 2 O-CO 2 ͒ to poor ͓e.g., ͑HCl͒ 2 ͔. For ͑HCl͒ 2 , we found that this situation was not improved by using more accurate multipoles or monomer geometries, and it seems likely that the problem lies in the simplistic dispersion-repulsion representation used in the present work. The use of the Berthelot combination rule is known to give too strong an attraction between unlike atoms, but alternatives, such as the SlaterKirkwood rule, do not seem to help. It is probably necessary to introduce anisotropic repulsion and dispersion, which are known to be important in some systems, especially those involving the halogens Cl, Br, and I. 68 In terms of predictive value, the present model may be less useful than the Buckingham-Fowler prescription of DMA with hard spheres, although the stationary points that we have found should serve as sensible starting points for ab initio work and can be obtained in a small fraction of the time needed for an ab initio calculation. This should serve as a severe warning about the reliability of potential surfaces constructed from atom-atom Lennard-Jones terms only, i.e., without even electrostatic terms, which are prevalent throughout the literature.
The degree of cooperativity involved in the various rearrangements does not seem to be strongly correlated to either the barrier heights or the path length. Hence, high energy mechanisms may be localized on a few atoms or delocalized over the majority, and the same is true for low energy mechanisms. This is in line with results obtained in a systematic study of atomic Lennard-Jones clusters, as reported elsewhere. 21 As the molecules are forced to move as rigid bodies in the present work, and there are no internal free rotors, we might expect mechanisms localized on one or two atoms to be very rare. In fact, for most of the present systems the index Ñ is just over half the total number of atoms for many mechanisms. Previous experience suggests that potential energy surfaces calculated with model intermolecular potentials probably contain more minima than they should, and the present work is in keeping with this observation. However, it is possible that some of the structures we have found that have not been considered before might be physically meaningful.
For future work we intend to build up a library of monomer DMA's and more accurate dispersion-repulsion representations. DMA's calculated at the DZP/MP2 level should be good enough for most purposes, but the dispersionrepulsion terms are considerably harder to calculate reliably. 
APPENDIX
Projection operators have previously been employed in studies of reaction paths 69, 70 and constrained geometry optimization, 71 among others. First we note that the energy is invariant to overall rotations and translations, so that we can write the Taylor expansion for the energy in terms of a projected step, gradient and Hessian 20 corresponding to the transformation yϭPx, where P is the projection matrix, x is a vector in nuclear configuration space and y is the corresponding projected vector. The appropriate form for P is 70, 71 
where the ͕e(i)͖ are a set of orthonormal vectors which are obtained from displacements corresponding to the motions to be projected out, as described below. The action of P clearly removes any linear combination of the e vectors from a general vector. In the present case we wish to remove components of overall rotation and translation, and here we follow Page and McIver's construction 70 of P. However, we differ from their presentation, and that of Baker and Hehre, 26 in that we do not use mass-weighted coordinates. Throughout this paper we use only non-mass-weighted Cartesian coordinates, gradients and Hessians, and hence the approximate steepest descent paths calculated are properties only of the potential energy surface in question, and not the masses. In the general case, if we have a set of vectors ͕b(i)͖ each of which is parallel to a geometry change corresponding to a motion that we wish to project out, then the final form for P is 70
where
For a system consisting of a set of n atoms an appropriate set of b vectors is given by The resulting projected Hessian then has six zero eigenvalues and steps are only taken in the other 3n -6 directions. In fact, there will be three zero eigenvalues for the three translations anyway, 22 and so it is not really necessary to project out these motions.
It only remains to find the appropriate b vectors for rigid linear and nonlinear molecules. In our current implementation all rigid molecules are described by three center-of-mass coordinates and three angles which specify the orientation. In a previous study of water clusters Euler angles were used as the orientational variables, 72 and it was then necessary to find the appropriate Euler angle displacements corresponding to overall infinitesimal rotations numerically. However, in the present case the orientation of a given molecule is specified by rotations about x, y, and z axes which have a local origin at the molecular center of mass and are parallel to the global Cartesian axis system. Infinitesimal rotations about these axes commute and the appropriate b vectors for a set of n rigid nonlinear molecules are simply ͑ b͑1 ͒,b͑ 2 ͒,b͑ 3 ͒,b͑ 4 ͒,b͑ 5 ͒,b͑ 6 ͒͒ , where the order of the variables has the three centre-of-mass coordinates of molecule 1 first followed by its orientational parameters, then the same for molecule 2, etc. Note that the b vectors do not need to be normalized. Furthermore, the use of local rotations rather than Euler angles not only eliminates the tedious singularities associated with the latter variables, but also makes the projection process much easier. Since atoms carry only three positional coordinates the appropriate b vectors for a mixture of atoms and molecules are given by combining the above results in an obvious fashion. For linear molecules only two orientational parameters are required, since the energy is invariant to rotation about the figure axis. However, this axis will generally not correspond to a local coordinate axis. We found it most convenient to treat this problem by calculating derivatives with respect to rotations about the three local axes, as for nonlinear molecules, so that there is a redundant coordinate for each linear molecule. The projection operator was therefore modified to remove motion corresponding to rotation about the figure axis of each linear molecule, giving a projected Hamiltonian with one extra additional zero eigenvalue for each such molecule. Steps were then taken only along Hessian eigenvectors corresponding to nonzero eigenvalues, as usual. To find the appropriate vector b corresponding to an infinitesimal rotation about an axis with direction vector (l,m,n) we need to express the rotation in terms of infinitesimal rotations about the local x, y, and z axes. The figure axis will not generally pass through the global origin, but this does not matter because the local rotations are with respect to local axes that are parallel to the global axes but translated to the molecular centre of mass. Infinitesimal rotations of ␣, ␤, and ␥ about the local x, y, and z axes commute to first order and correspond to a transformation matrix Once again, the appropriate b vectors for a mixture of atoms and linear and nonlinear molecules are obtained by simply combining the above results for the required degrees of freedom. We experienced no convergence problems with the above framework, employing a maximum step criterion as described elsewhere. 10 However, one further complication arises if the whole system becomes linear when we have a complex containing no nonlinear molecules. In this case the matrix S defined above becomes singular, and we must also allow for cases where linear and nonlinear geometries interconvert. To do this a simple scheme was adopted where the determinant of S was calculated before the matrix inversion, and if det SϽ10 Ϫ10 the dimension of S was reduced by one before continuing. The number of zero Hessian eigenvalues is then also reduced by one. This method works because all the constraint vectors are already mixed together in forming S, and so the resulting projection matrix will still remove all the required components corresponding to motions that do not change the energy.
